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Hard QCD Probes to Quark-Gluon Plasma
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Completely unexplored regimes of QCD, dominated by high-density/temperature effects,
are available in heavy ion experiments at collider energies. The successful RHIC program
shows how relevant the high transverse momentum part of the spectrum is for the character-
ization of the properties of the created medium. It points, as well, to interesting properties
of the nuclear wave function at small fraction of momentum x, probably dominated by satu-
rated color fields. In both domains, the imminent LHC program will provide a phase space
enlarged by orders of magnitude with respect to those studied at RHIC. I will review the
present status of hard probes in heavy ion collisions as well as the expectations for the LHC.
§1. Introduction
High-energy heavy-ion collisions are the experimental tools available to study
how collective behavior appears in QCD. The spacial extension of the nuclei ensures
that high density states are produced in an extended region of space, which is a
prerequisite for collectivity to manifest. The lifetime of the formed medium is rather
short – of the order of its transverse size – and different signals to characterize its
properties are proposed. From a theoretical point of view, a good signal is that in
which good control on the medium property as extracted from the modification of
a well calibrated process is possible. Although no perfect signal exists hard probes
are at collider energies in an excellent position to make the bridge between the
experimental data and the theoretical characterization of the medium properties.
The first example of a hard probe was proposed in the 80’s by Matsui and
Satz:1) the screened (non-confining) potential of a charm-anticharm pair in a thermal
medium makes the hadronization process into a J/Ψ very unlikely and a suppression
of the J/Ψ yield is expected. The J/Ψ suppression, as well as the suppression of
other charmonia states has been observed experimentally.2)
§2. Hard processes in hadronic collisions
A typical hard cross section can be written in the factorized form
σAB→h = fA(x1, Q
2)⊗ fB(x2, Q
2)⊗ σ(x1, x2, Q
2)⊗Di→h(z,Q
2) , (2.1)
where the short-distance perturbative cross section, σ(x1, x2, Q
2), is computable in
powers of αs(Q
2) and the long-distance terms are non-perturbative quantities involv-
ing scales O(ΛQCD) but whose evolution inQ
2 can be computed perturbatively. More
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specifically, the proton/nuclear parton distribution functions (PDF), fA(x,Q
2), en-
code the partonic structure of the colliding objects at a given fraction of momentum
x and virtuality Q; and the fragmentation functions (FF), D(z,Q2), describe the
hadronization of the parton i into a final hadron h with a fraction of momentum z.
In the nuclear case, these are the quantities which are modified when the extension
of the colliding system interferes with the dynamics, while the short-distance part
is expected to remain unchanged if the virtuality is large enough. These modifica-
tions could involve the non-perturbative initial condition as well as the evolution
equations. In this last case, non-linear terms become important.
A conceptually simple example is the above mentioned case of the J/Ψ , whose
production cross section can be written as
σhh→J/Ψ = fi(x1, Q
2)⊗ fj(x2, Q
2)⊗ σij→[cc¯](x1, x2, Q
2)〈O([cc¯]→ J/Ψ)〉 , (2.2)
where now 〈O([cc¯] → J/Ψ)〉 describes the hadronization of a cc¯ pair in a given
state (for example a color octet) into a final J/Ψ . This is a purely non-perturbative
quantity, which, as it was said before, is expected to vanish when the medium is
hot.1) This modification, being non-perturbative, lacks of good theoretical control,
making difficult the interpretation of the experimental data.
From the computational point of view, a theoretically simpler case is the modi-
fication of the evolution of both the parton distribution and the fragmentation func-
tions in a dense or finite–temperature medium. This needs of large scales Q2 (small-
x) to access the slow logarithmic dependences involved.
In Fig. 1 the kinematic regimes reachable at the LHC both in x and transverse
momentum are presented. While RHIC kinematics allowed, for the first time, to
do real hard probe studies in heavy ion collisions with well calibrated processes, the
most important step forward at the LHC is the sensitivity to in-mediummodifications
of the QCD evolution thanks to an enhanced kinematical reach of three orders of
magnitude in x and more than one in transverse momentum.
§3. Nuclear parton distribution functions
Essential in any calculation of hard processes is a good knowledge of the PDFs.
The usual way of obtaining these distributions is by a global fit of data on different
hard processes (mainly deep inelastic scattering, DIS) to obtain a set of parameters
for the initial, non-perturbative, input f(x,Q20) to be evolved by DGLAP equations.
5)
In the nuclear case, the initial condition, fA(x,Q
2
0), is modified compared to the
proton. Moreover, at small enough x, non-linear corrections to the evolution equa-
tions are expected to become relevant. Global DGLAP analyses, paralleling those
for free protons are available.6)–11) These studies fit the available data on DIS and
Drell-Yan with nuclei providing the needed benchmark for additional mechanisms.
The most recent11) of the DGLAP analyses of nuclear PDFs is shown in Fig. 2,
including the corresponding error estimates. An important issue, partially visible in
Fig. 2, is that present nuclear DIS and DY data can only constrain the distributions
for x & 0.01 in the perturbative region. By chance, this region covers most of
the RHIC kinematics, so that, the description of e.g. J/Ψ -suppression or inclusive
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Fig. 1. Left: (x,Q2) kinematic plane reachable at the LHC – figure from.3) Right: Integrated yields
of different high-pt processes at the LHC – figure from.
4)
particle production in dAu collisions as given by the nuclear PDFs can be taken as a
check of universality of these distributions. These checks present a quite reasonable
agreement with data,12) but some extra suppression for the inclusive yields at forward
rapidities is probably present. The strong gluon shadowing plotted in Fig. 2 improves
the situation at forward rapidities without worsening the fit of DIS or DY data –
χ2/dof < 1. Whether a DGLAP analysis can accommodate all sets of data is an
open question, but the finding in Ref.11) are encouraging. A suppression at forward
rapidities was also predicted in terms of saturation of partonic densities.13)
3.1. Saturation of partonic densities: the CGC
When the partonic densities are large enough (at small-x and/or large-A) non-
linear terms in the evolution equations become sizable, and eventually dominate.
These terms are needed to tame the growth of these densities which, otherwise,
will lead to a violation of the S-matrix unitarity. Although several early attempts to
compute these non-linearities exist14), 15) the most developed formalism is, nowadays,
based on a semiclassical approach,16) in which the nuclear wave function at large
energies is treated as an ensemble of classical color field configurations. The evolution
with energy of these configurations is known – the B-JIMWLK equations,17) whose
mean field limit acquires a simple form.18) In the dilute regime, where the non-linear
terms are negligible, the BFKL equation is recovered. This approach is called the
Color Glass Condensate.
Although a description of the experimental data by directly solve and fit the
non-linear evolution equations is still missing – see, however, Ref.19) – much of the
4 C. A. Salgado
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
this work
EKS98
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4Fit errors
Large errors
Total errors
10-4 10-3 10-2 10-1
0.0
0.2
0.4
0.6
0.8
1.0
1.2 strong gluonshadowing
10-4 10-3 10-2 10-1 1
0.0
0.2
0.4
0.6
0.8
1.0
1.2
R
A V
R
A S
R
A G
R
A F
2
A = 208, Q2
0
= 1.69 GeV2
Fig. 2. Ratios of nuclear to free proton PDFs for different flavors at the initial scale Q20=1.69 GeV
2
from11) with error estimates. The green line in the gluon panel is an attempt to check the
strongest gluon shadowing supported by present data.
phenomenological work has pursued the existence of known properties of the asymp-
totic solution of the equations. In particular, the CGC predicts a geometric scaling
in which the partonic distributions are only a function of the ratio Q2/Q2sat,A(x),
where the saturation scale Qsat,A(x) contains all the x- and A-dependences. This
feature is compatible with experimental data on proton-20) and nuclear-DIS21) and
could explain the multiplicities21), 23) measured in hadronic collisions – see Fig. 3.
Fig. 3. Left: Geometric scaling in lepton-proton20) and lepton-nucleus21) data. Right: Central
rapidity multiplicities in pp¯ and AuAu collisions22) and the description by geometric scaling.21)
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§4. High-pt studies in heavy ion collisions: Jet quenching
Quarks or gluons produced at high transverse momentum in elementary col-
lisions build up their hadronic wave function by emitting partons, mostly gluons,
reducing their large virtuality (Q ∼ pt) to a typical hadronic scale. These emitted
particles form QCD parton showers which can be experimentally observed as jets.
The properties of these objects can be computed by resumming the relevant loga-
rithms originated by the large difference in the scales of the problem. One example of
these resummations are the DGLAP evolution equations5) describing the virtuality
dependence of the fragmentation functions.
Jet structures are expected to be modified when the evolution takes place into
a thermal medium. The associated effects are generically known under the name
of jet quenching and the dominant mechanism is the medium-induced gluon radia-
tion.24)–28) This induced radiation modifies the vacuum splitting functions producing
additional energy loss and broadening of the jet transverse profile. The simplest ob-
servational prediction from this formalism is the suppression of the inclusive particle
production at high-pt. This suppression can be traced back to a medium-modification
of the fragmentation function Di→h(z,Q
2) at relatively large values of z & 0.5 – the
most relevant ones in Eq. (2.1) due to the bias effect induced by the steeply falling
perturbative spectrum.29) Most of the present phenomenology assumes a medium
modification of the fragmentation function due to energy loss
Dmedi→h(z,Q
2) = PE(ǫ)⊗Di→h(z,Q
2) (4.1)
neglecting any modification of the virtuality dependence of the vacuum fragmenta-
tion function,30) and where PE(ǫ) is computed in the independent gluon emission ap-
proximation.29), 31) The medium-induced energy loss probability distribution PE(ǫ)
– known as quenching weights, QW – depends only on the in-medium path-length
of the hard parton and the transport coefficient qˆ. The length is given by geometry
and it is not a free parameter of the calculation – although different geometries,
including expansion, hydrodynamics, etc. could lead to slightly different results.32)
The transport coefficient encodes all the properties of the medium accessible by this
probe and can be related to the average transverse momentum gained by the gluon
per mean free path in the medium. Taking it as a free parameter of the calculation
and fitting available data, a value of33), 34)
qˆ = 5....15GeV2/fm (4.2)
is obtained. The quality of the fit can be seen in Fig. 4. The large uncertainty
in the determination of qˆ is a consequence of the large opacity of the medium,
which together with the bias effect mentioned above, leads to a surface-dominated
emission probability for the particles escaping the medium.33)–35) The situation can
be improved by measuring the identity dependence of the energy loss (e.g. with
heavy quarks) and/or by detecting the structure of the associated induced radiation.
Both type of measurements do not involve any new parameter.
Heavy meson production is measured at RHIC through their decay into electrons.
The strong suppression measured in central AuAu collisions38), 39) contains a mixture
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of charm and beauty contributions not yet under good theoretical control. The
description of the data within the formalism is reasonable37) – see Fig. 4 – but an
experimental separation of both contribution will help to understand whether other
effects40) are at work .
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Fig. 4. Left: Nuclear modification factor, RAA, for light hadrons in central AuAu collisions.
33)
Data from.36) Right: RAA for non-photonic electrons with the corresponding uncertainty from
the perturbative benchmark on the relative b/c contribution.37) Data from38), 39)
4.1. Jets
The most promising signal of the dynamics underlying jet quenching is the study
of the modifications of the jet structures41) in which the characteristic angular de-
pendence of the associated medium-induced radiation24)–28), 42) should be reflected.
Experimentally, the main issue to overcome is the jet energy calibration in a high-
multiplicity environment where small-pt cuts and more or less involved methods of
background subtraction will be needed. From a theoretical point of view, identifying
signals with small sensitivity to these subtractions is of primary importance.41) Due
to these limitations, jet studies are not possible in AuAu collisions at RHIC but will
be abundant at the LHC up to transverse energies of several hundred GeV – see Fig.
1. In the meantime, jet-like structures are being studied at RHIC by means of two-
and three-particle correlations.
An important step forward is the first measurement of two particle azimuthal cor-
relations at large transverse momentum, with negligible combinatorial background.43)
These data support the picture of a very opaque medium with large energy losses,
but with a broadening of the associated soft radiation hidden underneath the cut-
off. Lowering this transverse momentum cut-off needs of a good control on the
background subtraction, but the different collaborations agree in the presence of
non-trivial angular structures:44) the two-particle-correlation signal around the di-
rection opposite to the trigger particle presents a dip in central collisions, in striking
contrast with the typical Gaussian-like shape in proton-proton or peripheral AuAu
collisions. In the presence of an ordering variable (as virtuality or angular ordering in
the vacuum parton shower) the implementation of the usual Sudakov form factors to
the medium-induced gluon radiation produce similar angular structures for energies
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ω . 2qˆ1/3 ∼ 3 GeV for central AuAu42) – see Fig. 5.
Fig. 5. Left: The probability of one splitting42) as a function of the azimuthal angle ∆Φ for a gluon
jet of Ejet = 7 GeV. Right: Position of the peaks and comparison with PHENIX data.
44)
The medium-induced gluon radiation assumes that most of the energy is lost by
radiation with negligible deposition in the medium. On the opposite limit, if a large
fraction of the jet energy is deposited fast enough into a hydrodynamical medium
it will be diffused by sound and/or dispersive modes. For very energetic particles,
traveling faster than the speed of sound in the medium, a shock wave is produced
with a characteristic angle which could be at the origin of the measured structures.45)
Another interpretation of this effect is in terms of Cherenkov radiation.46)
Additional information comes from the near side two-particle correlations, where
an elongation in the longitudinal direction of the jet signal around the trigger particle
is observed.47) Although not fully understood, these data points to a coupling be-
tween the in-medium jet evolution and the presence of hydrodynamical flow fields.48)
The study of flow fields with jet measurements would became possible in this manner.
Independently on the actual interpretation of these findings, the jet-like particle
correlations at RHIC provide an experimental measurement on the amount of energy
deposition in the medium and the parton shower evolution. Jet studies at the LHC
are ideal tools to further unravel the underline dynamics of jet quenching in heavy-ion
collisions and to study the medium properties with unprecedented precision.
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